Prolongation of QRS duration in electrocardiogram is one of the risk factors for morbidity and mortality in many kinds of cardiac diseases. However, its molecular mechanism is unknown. In this study, utilizing experimental autoimmune myocarditis --
coronary artery disease, 6, 7 ischemic cardiomyopathy, 8 myocardial infarction 9 and heart failure. 10 Furthermore, the prolongation of QRS duration has been shown to be associated with death risk in right bundle branch block, 11 worsen left ventricular function, 12 atrial fibrillation, 13 ventricular tachyarrhythmias, 14 etc. For example, comparing the groups with duration of QRS ≥ 120 ms vs QRS < 120 ms (median follow-up, 45 months), the mortality in patients with heart failure is 51% vs 34% and the sudden death rate is 25% vs 17%
respectively. 8 The relative risk of recurrent ventricular arrhythmia is nearly fourfold higher in patients who had the prolongation of QRS duration (≥120 ms) than in those with a normal QRS duration. 15 A prolonged QRS duration in patients with heart failure has been
shown to be associated with more advanced myocardial disease, worse left ventricular function, poorer prognosis and a higher allcause mortality rate compared with patients with a narrow QRS complex. 12 The risk of inducible sustained monomorphic ventricular tachycardia increases by 2.4% for each 1 ms prolongation in QRS duration. 16 For every 10 ms prolongation in QRS duration, mortality rate increases 10% for ventricular arrhythmias, 17 18%-26% for bundle branch block 11, 18 and 6% for myocardial infarction 9 respectively.
Thus, understanding the molecular mechanism of the prolongation of QRS duration is of clinical significance.
The duration of the QRS complex is determined by the ventricular depolarization and the propagation of the excitatory cardiac impulse throughout the ventricle. The prolongation of the QRS complex reflects ventricular conduction delay, a substrate for arrhythmogenicity. 19 Gap junction channels form an intercellular pathway for electrical cell-to-cell coupling and are essential for normal cardiac impulse propagation. It has been shown that alterations in electrical coupling via gap junction channels contribute to abnormal conduction and arrhythmogenesis in the heart. 20 Pathological alterations in connexin abundance or function can lead to slowing of conduction. 21, 22 In mammalian ventricular muscle, connexin 43 (Cx43) is the predominant gap junction channel. 20, 23 Impaired propagation, reflected in the prolongation of QRS duration, reduces coordinated ventricular contraction and forms a substrate for cardiac arrhythmias, 22 which has been observed in cardiac-restricted Cx43 "knockout" mice. 21 Homozygous ablation of Cx43 in cardiomyocytes leads to low voltage QRS and significant prolongation of QRS duration. 24 QRS duration was significantly prolonged in Cx43(+/À) mice than in wild type, but P-wave duration and amplitude did not differ. 25 Genetic knockout of Cx43 in mice is associated with conduction slowing, prolongation of QRS duration and increased susceptibility to ventricular arrhythmias. 21, 25, 26 Replacement of Cx43 by Cx31 in the heart leads to significant prolongation of QRS duration. 27 In addition, some preclinical and marketed drugs have been shown to cause QRS prolongation via Cx43 uncoupling. 28 Therefore, as a principal conductor of intercellular current in the ventricle, 25 Cx43 is one of the molecular determinants for the prolongation of QRS duration. 
| Electrocardiography (ECG) recording
The ECG of all rats was recorded under light isoflurane anaesthesia and analysed off-line using BL-420S bio-experiment system (Chengdu Techman Software Co. LTD, China). Heart rate (HR), P wave, QRS complex and PR interval were evaluated. QRS duration was measured in lead II from the earliest to the latest deflection of the QRS complex, while its amplitude was measured from the nadir to the top of each QRS complex.
| Immunohistochemical analysis
Hearts were fixed in 10% formalin, embedded and cut into 5 lm thick sections. After deparaffinized and rehydrated, endogenous peroxidase was blocked by incubation in 3% H 2 0 2 in methanol for 10 minutes. For antigen retrieval, the sections were heated at 120°C
in citric acid buffer for 15 minutes and then cooled for 30 minutes at room temperature. After washed 3 times in PBS, the sections were blocked by 10% bovine serum albumin for 30 minutes and incubated with anti-connexin43 antibody (Sigma, 1:2000), anti-phospho-Cx43 antibody (Ser368) (Cell Signalling, 1:100) overnight at 4°C.
Afterwards, the sections were washed 3 times in PBS, followed by incubation with horseradish peroxidase-conjugated secondary antibodies (Jackson, 1: 500) for 1 hour at room temperature. The immune reaction was performed using a DAB Kit (MXB, China) under microscope. The sections were counterstained with hematoxylin, gradient alcohol dehydration and mounted.
| Western blot analysis
The cardiac ventricles of the rat and the cultured H9c2 cells (Chi- Yellow was allowed to directly diffuse into the cell under whole-cell configuration (EPC-10) and through the gap junction channels into the adjacent cells. Ten minutes after establishment of the whole cell configuration, all Lucifer Yellow-positive cells, irrespective of their absolute level of fluorescence, were counted using a fluorescence microscope to judge activity of the Cx43 gap junction channels as previously described. 30 
| Preparation of isolated perfused heart
Rats were anesthetized with isoflurane after treatment with heparin (10 mg/kg) for 30 minutes. A thoracotomy was performed to excise the heart. During preparation, the heart was washed with cold Krebs-Henseleit solution to decrease its contractility. Then, it was connected to Langendorff's apparatus and perfused with modified 
| Scrape-loading dye transfer
The isolated heart was perfused for 10 minutes to rinse the blood and immersed in cold Krebs-Henseleit solution for 10 minutes at 4°C to decrease its contractility. Then, the apex of heart was sectioned and incubated for 1 minutes in Lucifer yellow at 4°C according to a previously described method. 31 Afterwards, the heart was immediately fixed in liquid nitrogen and embedded in OCT compound. The heart was sliced (50 lm) and imaged with fluorescence microscope.
| Immunofluorescence analysis
Cryostat sections (5 lm) of hearts were fixed in 4% paraformaldehyde for 10 minutes, and processed for immunostaining as previously described. 32 The H9c2 cells cultured on six-well glass chamber slides were fixed in 4% paraformaldehyde, blocked by 10% bovine serum albumin for 30 minutes and stained with antibodies overnight at 4°C. Afterwards, the sections were washed 3 times in PBS and incubated with Alexa 549-conjugated goat anti-rabbit antibodies (Rockland) for 1 hour at room temperature. Nuclei were stained with DAPI. Slices were mounted with antifade mounting medium (Applygen, China) and analysed using Olympus microscope (IX51).
| Statistical analysis
All data are shown as mean AE SEM. Data were analysed statistically by one-way analysis of variance (ANOVA) followed by the Figure 1C ).
QRS amplitude was 770 AE 31 lV on day 0, began to decrease from day 7 and reached minima on day 14 (467 AE 48 lV) ( Figure 1D ), indicating the appearance of low voltage QRS, which is usually along with that of the prolongation of QRS duration. 21, 24 In contrast, the QRS duration and its amplitude were not changed on the corresponding day of the control rats ( Figure 1B ). Similar result has been reported in DBA/2 mice with experimentally induced myocarditis. Next, we investigated whether EAM affected Cx43, since it has been reported that the prolongation of QRS duration is closely associated with the dysfunction of Cx43. 21, 24 Figure 2A showed that the ratio between phosphorylated and non-phosphorylated Cx43 in the cardiac ventricles was significantly increased on day 14 and peaked on day 21, which was reduced on day 28 but was still higher than that of day 0. Figure 2C ).
As we have previously shown that the p S368 Cx43 affects the distribution of Cx43 in H9c2 cells, 30 pathways ameliorates the severity of myocarditis. [34] [35] [36] [37] Besides, levels of inflammatory cytokines, such as TNF-a and IL-1b were raised in patients with acute myocarditis. 37 We therefore examined whether cytokines in the EAM serum contribute to the EAM induced elevation of p S368 Cx43. We found that treatment of the cells with IL-1b increased the phosphorylated (p-p38) and thus, activated form of p38 MAPK ( Figure 5A ). The activated p38 MAPK promoted the elevation of the p S368 Cx43 with a maximal induction at 15 minutes ( Figure 5B ), the time course of which coincided with that of the EAM serum induced elevation of p S368 Cx43 and p-38 ( Figure 3B and F). Furthermore, the effect of IL-1b on the p S368 Cx43 was inhibited by p38 inhibitors (SB203580 and SB202190) ( Figure 5C which was inhibited by SB203580 as well (Figure S2 B) . These results suggest that the effect of the EAM serum on the p S368 Cx43
is mainly due to the ability of IL-1b to activate p38 MAPK to phosphorylate Cx43 at Ser368. In agreement with this result, it has been reported in astrocytes that IL-1b induces p38 activation and inhibits dye coupling of Cx43-mediated gap junction. In order to investigate whether the impairment of cell-to-cell communication at the cellular level could also apply to the heart level,
we perfused isolated heart of normal rats with IL-1b. Representative ECG recordings ( Figure 6A ) and data of relative QRS duration ( Red asterisk: dye-injected cell. *P < .05 vs control; ***P < .001 vs control; ## P < .01 vs IL-1b. Bar = 50 lm in the isolated heart ( Figure 6D ). In addition, immunohistochemical staining of p S368 Cx43 ( Figure 6E ) and Cx43 ( Figure 6F ) showed that IL-1b caused distribution of both p S368 Cx43 and Cx43 from a dense manner to a disperse manner at the intercalated discs of the ventricular myocardium. Furthermore, IL-1b reduced diffusion of the fluorescent dye (Lucifer yellow) from the cut edge into the centre of the isolated heart within 1 minutes (middle panel, Figure 6G ). In contrast, the dye diffused toward the heart centre deeply within 1 minutes in the control condition (left panel, Figure 6G ). It is worthy to note that the dye could diffuse deeply if it was allowed to diffuse 5 minutes (right panel, Figure 6G ), suggesting that the function of Cx43 is maintained somehow. These results strongly suggest that elevation of p S368 Cx43 by IL-1b directly impairs cell-to-cell communication and thus prolongs the QRS duration. 30, 32, 40 In this study, we demonstrated that the elevation of p S368 Cx43 by the EAM serum or IL-1b caused impairment of the cell-to-cell communication in the cultured cells. Extent of cell-to-cell communication through gap junction channels is one of the major factors to affect propagation of the electrical impulse through the heart. 19 And impaired propagation of electrical impulse has been shown to be able to cause the prolongation of QRS duration. 21, 22 Our study showed that blockade of p38 MAPK in EAM rats not only prevented the elevation of p S368 Cx43 but also prevented the prolongation of QRS duration. Most importantly, in isolated hearts, which Therefore, it is highly likely that both PKC and p38 MAPK signalling pathways contribute to the elevation of the p S368 Cx43 level in EAM.
Taken together, in this study, we identified a novel regulatory mechanism that up-regulation of p S368 Cx43 by IL-1b via p38 MAPK signalling contributes to the prolongation of QRS duration in myocarditis. Thus, blockade of p38 MAPK in EAM rats prevents both the EAM-induced elevation of p S368 Cx43 level and the EAM-induced prolongation of QRS duration, suggesting that p38 MAPK should be a novel therapeutic target for myocarditis.
